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A B S T R A C T
The reconstruction of prehistoric temperature and precipitation variations in the upper reaches of the Yellow
River is essential for understanding the cultural evolution of the region, but related information is sparse due to
the limitations of the available proxies. Recent studies have shown that microbial glycerol dialkyl glycerol
tetraethers (GDGTs) are promising tools for reconstructing mean annual temperature (MAT) and mean annual
precipitation (MAP) in terrestrial deposits. In this study, we reconstructed mid-late Holocene climatic changes
using GDGT distributions in a loess-paleosol sequence in the Lajia Ruins of the Neolithic Qijia Culture, Guanting
Basin, in the southwestern end of the Chinese Loess Plateau. Our GDGT records show that MAP decreased from
ca. 600mm to 430mm, while MAT decreased from 11.9 °C to 8.0 °C, during the past ca. 7000 yr, and a drastic
decline in MAP (70mm), accompanied by a 0.8 °C decline in MAT, occurred at 3800–3400 yr BP. Our results
provide direct evidence supporting a hypothesis that the ﬂourishing (4200–4000 yr BP) and decline
(4000–3600 yr BP) of the Qijia culture (mainly based on millets cultivation) and subsequent rise of the Xindian/
Kayue culture (3600–2600 yr BP), based on mixed agriculture of sheep husbandry and millets cultivation were
triggered by climate change.
1. Introduction
The impact of climate change on cultural evolution is an important
issue in Quaternary research and has attracted substantial attention
(e.g., Cullen et al., 2000; Brenner et al., 2001; DeMenocal, 2001; Huang
et al., 2002; Huang and Su, 2009; Li et al., 2014; Hou et al., 2017;
Naudinot and Kelly, 2017; Griﬃths and Robinson, 2018). Climatic
conditions have been considered to play an especially important role in
the evolution of prehistoric cultures, when economic productivity was
relatively low (e.g., Weiss et al., 1993; Weiss and Bradley, 2001; Wu
and Liu, 2004; Staubwasser and Weiss, 2006). For example, the col-
lapses of the Mayan civilization, the Old Kingdom in Egypt, and the
Akkadian Empire in Mesopotamia, have been attributed to a climatic
event at about 4000 yr BP (Weiss et al., 1993; Hodell et al., 1995, 2001;
Peiser, 1998; Cullen et al., 2000; DeMenocal, 2001; Haug et al., 2003;
Stanley et al., 2003; Drysdale et al., 2006). Similarly, a cold event at
about 4000 yr BP may also have caused changes in prehistoric sub-
sistence patterns along the Yellow River, in China (e.g. Shui, 2001; An
et al., 2003, 2004; Liu et al., 2005; Zhang et al., 2008).
The Guanting Basin, Qinghai Province, China, is an ideal locality for
studying prehistoric cultural evolution and its relationship with cli-
matic change. Located in the upper reaches of the Yellow River (Yang
et al., 2003), the Guanting Basin was occupied and extensively culti-
vated by settled communities since the Neolithic (e.g., Dong et al.,
2012; Huang et al., 2013a; b; Ma et al., 2014). To date, more than 50
prehistoric ruins, including those of the Majiayao culture
(6000–4200 yr BP), the Qijia culture (4200–3600 yr BP), the Xindian
culture (3400–2700 yr BP) and Kayue culture (3600–2600 yr BP), have
been discovered in the region (Yang et al., 2004; Dong et al., 2012;
Huang et al., 2013a). In modern times the Guanting Basin has experi-
enced relatively harsh environmental conditions, while during pre-
historic periods the ancient cultures who occupied the region are likely
to have been more susceptible to changes in climatic conditions (An
et al., 2003, 2004, 2005; Hou and Liu, 2004; Liu et al., 2005; Hou et al.,
2009, 2012). Temperature and precipitation are the two principal fac-
tors controlling the distribution of living organisms (including crop
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plants), and therefore we hypothesized that they may have played an
especially important role in inﬂuencing the evolution of prehistoric
cultures in the region. However, eﬀective temperature and precipita-
tion records for prehistoric periods are lacking for the Guanting Basin,
potentially hampering our understanding of the regional climatic
background and its inﬂuence on cultural evolution.
Branched glycerol dialkyl glycerol tetraethers (brGDGTs; Fig. 1) are
promising tools for reconstructing mean annual temperature (MAT) and
mean annual precipitation (MAP). They are the membrane lipids de-
rived from unknown bacteria (Weijers et al., 2006; Sinninghe Damsté
et al., 2011) and are ubiquitous in soils (Hopmans et al., 2004; Weijers
et al., 2007; Liu et al., 2013; Wang et al., 2017). Global and regional
investigations of brGDGTs in modern surface soils have demonstrated
that their distributions are sensitive to environmental parameters
(Weijers et al., 2007; Peterse et al., 2011; De Jonge et al., 2014; Wang
et al., 2014; Yang et al., 2014). A preliminary study of brGDGTs
in>130 globally distributed soils (Weijers et al., 2007) showed that
soil pH and MAT can be reconstructed by the cyclisation ratio of
branched tetraether (CBT) and the combination of methylation index of
branched tetraether (MBT) and CBT, respectively. Using an improved
analytical method, De Jonge et al. (2014) then developed several new
indices, such as the MATmr index (a multiple linear regression index)
and the Index 1 index (in the form of the common logarithm of a ratio
of brGDGTs), that are more suitable for quantitative temperature esti-
mates in arid and semi-arid regions. On the other hand, Wang et al.
(2014) found that CBT is mainly controlled by precipitation rather than
soil pH in alkaline soils from arid to sub-humid regions, and therefore it
is a potential indicator for MAP in paleoclimatic reconstruction. In the
past decade, these GDGT indices have been applied to several loess-
paleosol sequences on the southern Chinese Loess Plateau (CLP)
(Peterse et al., 2011; Gao et al., 2012; Jia et al., 2013; Wang et al.,
2014; Yang et al., 2014; Lu et al., 2016; Tang et al., 2017).
In this study, we applied the recently developed brGDGTs paleo-
temperature and paleoprecipitation proxies (Index 1 and CBT) to a
loess–paleosol sequence from Lajia Ruins of the Neolithic Qijia Culture,
Guanting Basin, to examine temperature and precipitation variations in
the basin. The Lajia site, located on the second terrace of the Guanting
Basin along the upper Yellow River, was a typical settlement of the Qijia
culture in Eastern and Central Asia. It is well-known for the Lajia Ruins,
which have yielded much highly signiﬁcant and well-preserved mate-
rial for archaeological studies of Neolithic cultures (Fitzgerald-Huber,
1995, 2003; Ye, 2002, 2004; 2008; Xia and Yang, 2003; Lv et al., 2005;
Huang et al., 2013a; Zhao et al., 2017). The occurrence of catastrophic
events aﬀecting these prehistoric cultures has attracted much research
attention from a wide variety of ﬁelds, including archaeology, anthro-
pology, geology and seismology (e.g. Fitzgerald-Huber, 1995, 2003; Ye,
2002, 2004; Lv et al., 2005; Wu et al., 2009, 2016; Yin et al., 2013;
Huang et al., 2017; Zhang et al., 2017; Zhao et al., 2017). However,
most of the studies have focused on the causes for the catastrophic
formation of the Lajia Ruins (e.g. Xia et al., 2004; Wu et al., 2009, 2016;
Huang et al., 2013a; Yin et al., 2013; Zhang et al., 2014b), while pa-
leoclimatic information for this area is scarce. Our results potentially
provide improved insight into the climatic background for interpreting
the evolution and shift in ancient cultures during the mid-late Holocene
in this environmentally sensitive region.
2. Geological setting and sampling
The Guanting Basin (35°49′–35°54′N, 102°36′–102°56′E) is situated
in the arid/semi-arid zone on the boundary between Gansu and Qinghai
Provinces in the upper reaches of the Yellow River (Fig. 2). Surrounded
by the Laji Mountains to the northwest and the Jishi Mountains to the
south (Hou et al., 2012), the area is about 53 km2 and the average
elevation is 1800m above sea level (asl) (Yang et al., 2003; Huang
et al., 2013a; Zhang et al., 2014b; Ma et al., 2014; Zhou and Zhang,
2015). According to the interpolation of meteorological data of the two
nearest weather stations at Linxia (ca. 46 km away; MAT=7.3 °C;
MAP=501mm; alt. = 1917 m asl) and Minhe (ca. 54 km away;
MAT=8.3 °C; MAP=338mm; alt. = 1814m asl), the MAT and MAP
for the Guanting Basin are estimated to be 8.4 °C and 430mm, re-
spectively. The Yellow River ﬂows through the southern part of the
basin, from west to east. Many Neolithic sites have been excavated in
the Guanting Basin (e.g., Yang et al., 2004; Huang et al., 2013; Ma
et al., 2014; Zhang et al., 2014b), including those relating to the fol-
lowing cultures: Majiayao (5300–4500 yr BP), Qijia (ca. 4200–3600 yr
BP), Xindian (3400–2700 yr BP) and Kayue (3600–2600 yr BP) of the
same period (Yang et al., 2004; Hou et al., 2012; Zhang et al., 2014a).
Following detailed geomorphological, pedological, sedimentolo-
gical and stratigraphic observations in the Lajia region in October 2015,
a fresh and complete mid-late Holocene sediment proﬁle, composed of
three spliced sections and without human disturbance, designated the
Shanglajia (SLJ) sequence (35°51′49.98″N, 102°48′27.51″E), was
identiﬁed and sampled to the south of Shanglajia village along the
Lvjiagou gully walls, to the northwest of the Lajia Ruins (Fig. 2). De-
tailed pedo-stratigraphic subdivision and descriptions of the proﬁle
were presented in Zhao et al. (2017) and Huang et al. (in press). Brieﬂy,
0–60 cm is the modern soil, 60–100 cm is the late Holocene loess, and
100–320 cm is the mid-Holocene paleosol (S0). Two red clay beds split
Fig. 1. Chemical structures of brGDGTs discussed in the text (after De Jonge et al., 2014).
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the S0 into three sublayers (S0-lower, S0-middle and S0-upper). The chron-
ology of the SLJ section was established by Huang et al. (in press) based
on optically stimulated luminescence (OSL) dating and comparison
with stratigraphic and radiocarbon dating data from other studies.
3. Lipid analysis
Sixteen sediment samples were selected for GDGT analysis. Each
sample was ground to a powder and a ca. 20 g aliquot was extracted
(4× 10min) with dichloromethane (DCM): methanol (9:1, v/v) using
an accelerated solvent extractor (ASE 350, Dionex) at 100 °C and 1500
psi. The supernatants were combined and the solvent removed under N2
in a water bath. Each extract was separated into apolar and polar
fractions in a silica gel column, using n-hexane and DCM/MeOH (1:1,
v/v), respectively. The polar fraction containing GDGTs was dried
under N2, redissolved in hexane/isopropanol (99:1 v/v), and then ﬁl-
tered over a 0.22 μm PTFE ﬁlter.
HPLC-atmospheric pressure chemical ionization-mass spectrometry
(HPLC-APCI-MS) analysis was performed with a Shimadzu LC-MS
8030 at the Institute of Earth Environment, Chinese Academy of
Sciences (IEECAS). Typically, the polar fraction was dissolved in
1000 μl n-hexane, and 50 μl were injected. Separation of brGDGTs was
obtained with two coupled Inertsil SIL-100A silica columns (each
250mm×4.6mm, 3 μm) at 40 °C using isopropanol and n-hexane as
elutes for pump A and pump B, respectively (modiﬁed from De Jonge
et al., 2014). The solvent gradient for pump B was: 0–85 min, decreased
linearly from 97% to 95%; 85–89 min, decreased linearly from 95% to
10%; 89–108 min, held at 10% for cleaning; 108–112 min, increased
linearly from 10% to 97%; 112–120 min, held at 97% for equilibration.
The total ﬂow rate of pump A and pump B was maintained at 0.6 ml/
min. Selected ion monitoring (SIM) was used to target speciﬁc [M
+H]+, including those for brGDGTs ([M+H]+ 1050, 1048, 1046,
1036, 1034, 1032, 1022, 1020 and 1018). Quantiﬁcation of GDGTs was
performed by integration of the peak area of [M+H]+ ions in the ex-
tracted ion chromatogram, and comparison was made to that of the C46
internal standard.
The CBT index was calculated following Weijers et al. (2007):
= − + + ′ + + ′CBT Ib IIb IIb Ia IIa IIalog(( )/( )) (1)
MAP was estimated according to the empirical equation in Wang
et al. (2014):
= − × + = = =CBT MAP r n RMSE mm0.0021 1.7( 2 0.86; 37; 50 )
(2)
The Index 1 index was calculated according to De Jonge et al.
(2014):
= + + + ′ + ′ + + + + ′Index Ia Ib Ic IIa IIIa Ic IIa IIc IIIa IIIa1 log[( )/( )]
(3)
MAT was estimated based on the correlation between Index 1 and
MAT for Chinese soils developed at 5–20 °C (De Jonge et al., 2014;
Wang et al., 2016):
= × + = = = °MAT Index r n RMSE C13.26 1 3.4( 2 0.58; 54; 2.6 ) (4)
Although there are calibration errors for both the CBT-MAP re-
lationship and the Index 1-MAT relationship, such uncertainties may be
largely systematic, possibly due to the wide geographical spread of the
soils in the calibration set and the accompanying variation in en-
vironmental parameters (Peterse et al., 2012). When the proxy is ap-
plied down core, this systematic error is likely to be much smaller.
Consequently, the uncertainty in the trends in the reconstructed MAP
and MAT records may be much smaller compared to the uncertainties in
the absolute MAP and MAT estimates. Nevertheless, we should point
out that the absolute values of reconstructed MAP and MAT are semi-
quantitative and should be interpreted with caution.
4. Results
4.1. GDGT abundance
BrGDGTs are abundant in the SLJ sequence, dominated by 6-methyl
brGDGT-IIa’ or brGDGT-Ia (Fig. 3). The total concentration of brGDGTs
ranges from 1.9 ng/g dry weight sediment (dws) to 9.0 ng/g dws.
Higher concentrations of brGDGTs were found within paleosol S0
(avg.= 4.9 ± 1.4 ng/g dws, n= 12) compared with the upper modern
soils and late Holocene loess (avg.= 3.4 ± 0.5 ng/g dws, n=3), ex-
cept for the surface soil sample (9.0 ng/g dws) which has the highest
brGDGTs concentration.
4.2. GDGT-based precipitation estimates
According to the calibration for surface soils on the CLP (Wang
et al., 2014), the CBT-inferred MAP is 554mm for our surface soil
Fig. 2. Location of the SLJ proﬁle (red star) on the Chinese
Loess Plateau (CLP). The Lantian, Weinan, and Mangshan
loess-paleosol sequences, which have previously been studied
for GDGT records (Peterse et al., 2011; Lu et al., 2016; Tang
et al., 2017), and Lake Tianchi (Sun, 2011), are indicated by
pink squares. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the Web version of
this article.)
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sample, ca. 120mm higher than the modern MAP value (430mm) for
the region. This oﬀset is larger than the root mean square error of the
CBT-MAP calibration for the CLP (50mm; Wang et al., 2014). We at-
tribute this higher bias in reconstructed MAP for the SLJ sequence to
the location of our sampling site in a basin area, where eﬀective pre-
cipitation for soils may be enhanced due to the additional contribution
of water ﬂow from the surrounding uplands. Therefore, we further
corrected our reconstructed MAP data based on the correction factor of
1.3 between reconstructed and measured MAP values for our surface
soil sample, and the corrected MAP values are shown in Table 1.
Based on the GDGT results, the reconstructed MAP was relatively
higher during 6900-3700 yr BP, with the highest value (597mm) at ca.
3800 yr BP. Subsequently, it decreased abruptly from 597mm to
527mm during 3800-3400 yr BP (a rate of 18 mm/100 yr), and then
gradually decreased to the lowest value during the past 3400 yr, at an
average rate of 3.9 mm/100 yr (Table 1).
4.3. GDGT-based temperature estimates
In the global soil database, MATmr and Index 1 have stronger cor-
relations (higher r2 values and lower RMSE values) with MAT than
other GDGT indices (De Jonge et al., 2014). For the SLJ sequence, the
direct application of the global calibration (De Jonge et al., 2014) of the
two indices resulted in reconstructed MAT variations of ca. 7 °C and 4 °C
for MATmr and Index 1, respectively, during the past 7000 yr. The
variation in MATmr (7 °C) is much larger than the reconstructed values
(3–4 °C) for the mid-late Holocene based on various proxies from many
other sites in China (Shi et al., 1994; An, 2000). Therefore, it seems that
the global MATmr calibration may have overestimated temperature
variations in the SLJ loess-paleosol sequence. However, the Index 1-
inferred MAT variation is consistent with the accepted range of tem-
perature variation (3–4 °C, Shi et al., 1994; An, 2000), but the re-
constructed MAT (10.2 °C) for the surface sample is ca. 2 °C higher than
the modern MAT value (8.4 °C) for the Guanting Basin. Currently, there
is no regional calibration for the two indices on the CLP. Considering
that Index 1 shows the best correlation with MAT in soils in Northern
China, we further applied a regional calibration of Index 1 (Equation
(4)) using modern soils developed at 5–20 °C in China (De Jonge et al.,
2014; Wang et al., 2016) to our dataset. The reconstructed MAT for the
surface soil sample is 8.0 °C, in general agreement with the modern
MAT value (8.4 °C) for the Guanting Basin. Therefore, Index 1 and its
regional calibration were applied to reconstruct paleotemperature
variations in our proﬁle. Nevertheless, we should note that the use of
diﬀerent temperature indices and calibrations generally resulted in si-
milar trends in reconstructed MAT records for our dataset.
Our GDGT results from the SLJ sequence indicate that regional
temperature in the Guanting Basin shows a generally decreasing trend
during the past ca 7000 yr (Table 1). MAT decreased at a rate of
0.07 °C/100 yr from 11.8 °C to 9.5 °C during 6900-3800 yr BP; subse-
quently, it increased to 10.1 °C at 3664 yr BP and then decreased
abruptly from 10.1 °C to 8.8 °C during ca. 3700-3200 yr BP, at a rate of
0.24 °C/100yr. Finally, the MAT for the Guanting Basin ﬂuctuated be-
tween 8.0 °C and 8.8 °C during the past 3200 yr.
5. Discussion
5.1. Mid-late Holocene climatic variations recorded by GDGTs in loess-
paleosol deposits on the southern edge of the CLP
The CBT-inferred MAP at the SLJ proﬁle decreased by ca. 170mm
during the past 7000 years (Fig. 4a and b). Such an amplitude of MAP
variation from the mid-late Holocene in the southwestern end of the
CLP is similar to that at the southeastern CLP (180–200mm), as in-
ferred from CBT variations in the Mangshan and Lantian loess-paleosol
sequences (Peterse et al., 2011; Lu et al., 2016, Fig. 4a and b). The
170–200mm decrease in precipitation in the southern CLP, inferred
from GDGT distribution, is also consistent with a pollen-based quanti-
tative reconstruction of East Asian summer monsoon precipitation from
an alpine lake in North China (Chen et al., 2015). Moreover, our results
show that MAP at the southwestern CLP was ca. 200–250mm lower
than that at the southeastern CLP (Fig. 4a). This agrees with the ob-
servation that modern summer monsoon precipitation decreases from
the eastern CLP to the western CLP, further supporting the use of CBT as
a paleoprecipitation proxy on the CLP.
The GDGT-inferred MAT also shows a decreasing trend since ca.
7000 yr BP in the Lajia Ruins of the Neolithic Qijia Culture, south-
western CLP. This decreasing trend agrees with variations in GDGT-
inferred MAT recorded in loess-paleosol sequences at Lantian and
Weinan on the southeastern CLP (Lu et al., 2016; Tang et al., 2017,
Fig. 4c), suggesting a uniform temperature decrease from the mid-to
late Holocene across the southeastern CLP. It should be noted, however,
that the decrease of MAT (4 °C) in our proﬁle is much lower than those
recorded at Lantian and Weinan, which are 8 °C and 6 °C, respectively
(Lu et al., 2016; Tang et al., 2017, Fig. 4d). This is possibly due to the
use of diﬀerent temperature proxies and calibrations: i.e., we use a
regional calibration of Index 1 for the SLJ proﬁle, while MAT was re-
constructed by the global calibration of MATmr for loess-paleosol se-
quences at Lantian and Weinan. Notably, when using the MATmr index,
the calculated MAT variation for our SLJ proﬁle (ca. 7 °C) is similar to
the values reported at Lantian (8 °C) and Weinan (6 °C). As discussed in
section 4.3, the MATmr-inferred 6–8 °C MAT variation is in contra-
diction with the general accepted concept that temperature was 3–4 °C
higher during the Holocene Megathermal in China (Shi et al., 1994; An,
Fig. 3. Average concentrations of individual brGDGTs in the SLJ sequence.
Table 1
GDGT indices and reconstructed MAT and MAP values for the SLJ loess-paleosol
sequence.
Sample ID Depth (cm) Age (yr BP) CBT Index 1 MAT (oC) MAP (mm)
SLJ-02 4 100 0.54 0.35 8.0 430
SLJ-08 28 700 0.54 0.41 8.8 430
SLJ-13 52 1300 0.38 0.39 8.5 486
SLJ-18 77 2180 0.28 0.35 8.0 525
SLJ-23 102 3129 0.27 0.41 8.8 529
SLJ-27 122 3414 0.27 0.44 9.3 527
SLJ-39 180 3636 0.24 0.48 9.8 539
SLJ-40 184 3664 0.20 0.51 10.1 554
SLJ-42 192 3721 0.11 0.49 9.9 588
SLJ-45 204 3807 0.09 0.46 9.5 597
SLJ-59 260 4515 0.16 0.50 10.1 570
SLJ-61 268 5046 0.14 0.55 10.7 576
SLJ-64 280 5843 0.12 0.58 11.2 583
SLJ-66 288 6375 0.15 0.63 11.7 572
SLJ-67 292 6640 0.14 0.64 11.9 575
SLJ-68 296 6906 0.15 0.63 11.8 574
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2000). Therefore, it seems that the global MATmr calibration may also
have overestimated temperature variations in other loess-paleosol se-
quences on the southeastern CLP. Moreover, we did not compare our
temperature record with other loess-paleosol records inferred from the
MBT/CBT (or MBT’/CBT) proxy (e.g., Peterse et al., 2011; Gao et al.,
2012; Jia et al., 2013), which is susceptible to moisture changes and
thus is not applicable to arid and semi-arid regions (Peterse et al., 2012;
Dirghangi et al., 2013; Menges et al., 2014; Dang et al., 2016; Wang
et al., 2016).
Overall, based on the GDGT results from loess-paleosol sequences
on the southern CLP (Peterse et al., 2012; Lu et al., 2016; Tang et al.,
2017, and this study), regional MAP and MAT may have decreased by
ca. 170–200mm and 4 °C, respectively, during the past 7000 yr.
5.2. Impact of climate change on prehistoric cultural evolution in the upper
reaches of the Yellow River from the mid-to late Holocene
Previous work has hypothesized that climatic change may have
played the dominant role in prehistoric cultural evolution in the upper
reaches of the Yellow River (An et al., 2003, 2004; Hou and Liu, 2004;
Hou et al., 2009; Dong et al., 2012). However, the lack of temperature
and precipitation records at a given site, which also has records of
cultures belonging to diﬀerent prehistoric periods, hampers the com-
prehensive understanding of the climatic background of diﬀerent cul-
tures and their sensitivity to climate changes.
The Lajia site was once a large and typical settlement of the
Neolithic Qijia culture (4200–3600 yr BP) (Zhang et al., 2014a), which
was widely distributed in Gansu and Qinghai Provinces (An et al., 2004,
2005; Dong et al., 2012, 2013; Ma et al., 2016). The largest Qing (a
sacriﬁcial vessel usually used by chiefs) in the Yellow River valley, and
the earliest noodles, were found at the Lajia site, indicating a higher
social and economic level in this region during the Qijia period (Lv
et al., 2005; Ma et al., 2014; Zhou and Zhang, 2015). At about 4000 yr
BP, the Qijia culture began to decline (e.g., Wang et al., 1993; Mo et al.,
1996; Shui, 2001; An et al., 2004, 2005), while the Xindian culture, a
successor of the Qijia culture which is mainly found at lower elevations,
with a reduction in the total number of sites and a contraction of the
area of distribution (Bureau of National Cultural Relics, 1996; An et al.,
2004, 2005; Dong et al., 2012), was developed from 3400 to 2700 yr
BP. Almost at the same time as the Xindian culture, the Kayue culture
was also developed in the Guanting Basin (Yang et al., 2004), as well as
several other sites at much higher elevations (Dong et al., 2013; Ma
et al., 2016). The Lamafeng site, 1500m to the east of the Qijia culture
at Lajia, is a representative of the Xindian culture (Hou et al., 2012; He,
2015).
Our GDGT record for the Lajia proﬁle indicates that the climate of
the Guanting Basin was relatively warm and wet during the Qijia
period. The MAP and MAT were respectively about 170mm and 2 °C
higher than at present (Fig. 5). This agrees with the ﬁnding that the
principal cereal crop for the Qijia culture was millet (Zhao, 2010a; Jia,
2012; Jia et al., 2013; Zhang, 2012; Ma et al., 2016), which is a C4 plant
requiring relatively higher temperature and precipitation for its growth
Fig. 4. GDGT-based mid-late Holocene temperature and precipitation reconstructions in loess-paleosol sequences on the southern edge of the CLP. Lajia (this study);
Lantian (Lu et al., 2016); Weinan (Tang et al., 2017); Mangshan (Peterse et al., 2011).
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(Bentley and Ziegler, 2005; Dong et al., 2012; Song et al., 2013). The
relatively higher eﬀective moisture conditions are also reﬂected in
other paleoclimatic records from near the Guanting Basin. For example,
in Changning, east Qinghai Province, Dong et al. (2012) found that the
climate was wet during 4700–3940 yr BP, which may have been caused
by the enhanced monsoon intensity after 4500 yr BP (Cai et al., 2010).
Therefore, the relatively wet and warm climate would have promoted
the rise and spread of the Qijia culture at 4200–4000 yr BP.
A drastic decrease in MAP (70mm) and a 0.8 °C decrease in MAT
occurred from 3800 to 3400 yr BP in the Guanting Basin (Fig. 5). The
decline and disappearance of the Qijia culture (4000–3600 yr BP)
generally coincided with this climatic event, considering the age un-
certainties; it may have been caused by the inability of the Qijia culture,
which relied mainly on millet cultivation, to adapt to such a pro-
nounced and abrupt climatic deterioration (An et al., 2005). This cli-
matic event at 3800–3400 yr BP was also recorded in Tianchi Lake in
the Liupan Mountains on the CLP, ca. 300 km to the east of Lajia (Sun,
2011). The MBT/CBT and compound speciﬁc δD analyses in Tianchi
Lake indicate a ca. 1–2 °C fall in MAT and a 25‰ positive shift in δD
(more positive δD indicates less eﬀective precipitation) at that time
(Fig. 5).
Based on our GDGT results, the MAP and MAT during the Xindian/
Kayue period was approximately 70mm and 1 °C lower than those
during the golden age of the Qijia culture (Fig. 5). The relatively colder
and drier climatic conditions may have been responsible for the dif-
ferent dietary and economic lifestyle of the Xindian/Kayue culture
compared with the Qijia culture. It has been found that during that
period, wheat and barley were added to the human diet, since they are
more productive crops that can adapt to cooler and drier conditions
(Zhao, 2010b; Jia, 2012; Zhang, 2012; Ma et al., 2016). Carbon and
nitrogen isotopic data also indicate that, in the Hehuang and contiguous
regions in the upper reaches of the Yellow River and its tributaries, the
human diet shifted from C4-dominant materials to both C3 and C4
materials after 3600 cal a BP when the climate became cooler and drier
(Ma et al., 2016).
In summary, our results provide direct evidence supporting the
previous hypothesis that climate change played an important role in the
ﬂourishing and decline of the Qijia culture and the subsequent rise of
the Xindian/Kayue culture (Shui, 2001; An et al., 2005). However,
other processes, such as population growth, cultural factors, and mi-
gration, may also have been responsible for the observed pattern of
cultural evolution. Climatic deterioration had a distinct inﬂuence on the
Qijia culture and the Xindian/Kayue culture in the region, possibly due
to the diﬀerences in the primary economies of the diﬀerent cultures. For
example, the Qijia culture mainly relied on rain-fed agriculture domi-
nated by C4 plants (mainly millets cultivation), whereas the dominant
mode of subsistence of the Xindian/Kayue culture were based on mixed
agriculture of sheep husbandry and millets cultivation, moreover, the
Xindian peoples were able to grow more productive crops that could
adapt to cooler and drier conditions (Shui, 2001; An et al., 2004, 2005;
Liu et al., 2005; Zhang et al., 2008; Dong et al., 2013; Ma et al., 2016).
6. Conclusions
In this study, we reconstructed mid-late Holocene temperature and
precipitation changes in the Lajia Ruins of the Neolithic Qijia Culture,
Guanting Basin, in the southwestern CLP, based on GDGT distributions
in the SLJ loess-paleosol sequence. We found that MAP decreased from
ca. 600mm to 430mm and MAT decreased from 11.9 °C to 8.0 °C, from
the middle Holocene to the late Holocene. The trends of decreasing
precipitation and temperature are consistent with the mid-late
Holocene climatic history recorded by GDGTs in other loess-paleosol
deposits on the southern edge of the CLP. Our GDGT record at Lajia also
indicates an abrupt decline in MAP and a moderate decline in MAT at
3800–3400 yr BP (70mm and 0.8 °C, respectively), which coincides
with the decline of the Qijia culture and the subsequent rise of the
Fig. 5. Mid-late Holocene temperature and precipitation
variations in the upper reaches of the Yellow River. (a) CBT-
derived MAP at the SLJ proﬁle, Guanting Basin. (b)
Compound-speciﬁc δD record in Lake Tianchi (Sun, 2011),
with more negative values indicating higher eﬀective pre-
cipitation. (c) Index 1-inferred MAT at the SLJ proﬁle. (d)
MBT/CBT-derived MAT in Lake Tianchi in the Liupan
Mountains (Sun, 2011). (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the
Web version of this article.)
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Xindian/Kayue culture, suggesting that climate may have played an
important role in prehistoric cultural evolution in the upper reaches of
the Yellow River.
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